Among the glycoside hydrolases (GHs) classified within the Carbohydrate-Active enZyme (CAZy) database, the a-amylase family GH13 containing~30 different enzyme specificities and more than 37 000 sequences represents one of the largest GH families. Earlier, based on a characteristic sequence motif in their fifth conserved sequence region, the two closely related subfamilies, the so-called oligo-1,6-glucosidase and neopullulanase subfamilies, were described. Currently, the two subfamilies cover several CAZy-defined GH13 subfamilies because the aamylase family GH13 has officially been divided into 41 subfamilies. The subfamily GH13_20 also contains, in addition to neopullulanase, cyclomaltodextrinase and maltogenic amylase. These usually possess the N-terminal starch-binding domain (SBD) classified as the carbohydratebinding module family CBM34. The present in silico study has been focused on the neopullulanase subfamily in an effort to shed some light on the evolution of its modular arrangement. The main goal was to reveal the evolutionary relationships between the catalytic domain representing the enzyme specificity and the non-catalytic SBDs. The studied set based on the CAZy subfamily GH13_20 and family CBM34 was completed by related amylolytic enzymes, such as a-amylases, glycogen debranching enzymes and amylopullulanases. It finally consisted of 74 mostly biochemically characterized GH13 enzymes. The analysed sequences were divided into nine groups based on the presence of various carbohydrate-binding module domains (CBM20 and CBM48 in addition to CBM34). A special unique domain arrangement was revealed in the the a-amylase from Bacillus sp. AAH-31, in which the three consecutive SBDs (i.e. CBM20, CBM48 and CBM34, in that order) are present at its N-terminus.
INTRODUCTION
Neopullulanase (EC 3.2.1.135) is a special glycoside hydrolase (GH) that is able to catalyse several biochemical reactions, such as the hydrolysis of both a-1,4-and a-1,6-glucosidic linkages and their formation by transglycosylation (Takata et al., 1992) . Discovered by Kuriki et al. (1988) , it basically catalyses the hydrolysis of pullulan with the production of panose, maltose and glucose in a final molar ratio of 3 : 1 : 1 (Imanaka & Kuriki, 1989) . Within the Carbohydrate-Active enZyme (CAZy) database (Cantarel et al., 2009) , it has been classified in the main a-amylase family GH13 (Henrissat, 1991; Jane cek, 1997; Kuriki & Imanaka, 1999; Park et al., 2000; MacGregor et al., 2001) .
Neopullulanase is, in fact, nearly indistinguishable from the two closely related enzyme specificities, maltogenic amylase (EC 3.2.1.133) and cyclomaltodextrinase (EC 3.2.1.54) (Kim et al., 1999; Lee et al., 2002; Hondoh et al., 2003) . Based on a specific sequence signature -mostly MPKLNwithin the fifth conserved sequence region (CSR; Jane cek, 2002), these three enzymes were proposed to define the socalled neopullulanase subfamily of the a-amylase family GH13 (Oslancov a & Jane cek, 2002) . As the number of these enzymes increased, the exclusive CSR-V sequence feature should be considered rather as MpKln, but it is still clearly different from those characteristic for the so-called oligo-1,6-glucosidase subfamily and the group of intermediary aamylases having QpDln and MpDln, respectively (Majzlov a et al., 2013) . In typical a-amylases, e.g. the a-amylase from Aspergillus oryzae, this region is present as 173_LPDLD (Jane cek, 1992), the well-conserved aspartic acid from the middle of the region being involved in binding of a calcium ion (Matsuura et al., 1984) . In general, this region in the enzymes from the neopullulanase subfamily is part of a bstrand belonging to domain B that protrudes out of the catalytic TIM-barrel between strand b3 and helix a3 (Jane cek et al., 1997; Kim et al., 1999; Lee et al., 2002; Hondoh et al., 2003) . The calcium-binding aspartate from the a-amylase structure is replaced by a lysine (MpKln; or less frequently also by an arginine), which by the end of its side chain usually occupies the calcium position (Oslancov a & Jane cek, 2002) .
After the official division of the a-amylase family GH13 into subfamilies (Stam et al., 2006) , neopullulanase has been assigned the subfamily GH13_20 (Lombard et al., 2014) . Typically, GH13_20 members possess a starch-binding domain (SBD) of the carbohydrate-binding module (CBM) family CBM34 (Machovic & Jane cek, 2006) positioned Nterminally (Kamitori et al., 1999; Kim et al., 1999; Lee et al., 2002; Hondoh et al., 2003; Turner et al., 2005) . CBM34 directly precedes the basic family GH13 three-domain arrangement, i.e. catalytic (b/a) 8 -barrel with domain B protruding out of the barrel between strand b3 and helix a3, and domain C succeeding the catalytic barrel (Jane cek, 1997; Kuriki & Imanaka, 1999; Park et al., 2000; MacGregor et al., 2001) . The neopullulanase subfamily, according to the original definition by Oslancov a & Jane cek (2002) , covers, in addition to subfamily GH13_20, the subfamily GH13_21 defined by the CAZy curators (Stam et al., 2006) . It is worth mentioning that, of the two well-known unique 'a-amylases' TVA-I and TVA-II from Thermoactinomyces vulgaris (Tonozuka et al., 1993 (Tonozuka et al., , 1995 that possess the properties of neopullulanase, maltogenic amylase and cyclomaltodextrinase , the former is a member of the subfamily GH13_20, whereas the latter belongs to the subfamily GH13_21 (Stam et al., 2006; Lombard et al., 2014) .
Recently, the situation has become rather complicated because several examples of neopullulanases (this covers also maltogenic amylases and cyclomaltodextrinases) and/ or closely related enzyme specificities have been discovered that somehow deviate in their domain arrangement but still exhibit sequence features characteristic of both subfamilies GH13_20 and GH13_21. Thus, for example, (i) a GH13_20 member from Nostoc punctiforme without any CBM characterized as a debranching enzyme (Dumbrepatil et al., 2010) ; (ii) hyperthermophilic archaeal cyclodextrin-hydrolyzing enzymes from, e.g. Thermoplasma volcanium , Pyrococcus furiosus , Staphylothermus marinus (Li et al., 2010a) and Thermofilum pendens (Li et al., 2010) with additional CBM48 preceding the neopullulanase-like CBM34 (Jung et al., 2012; Park et al., 2013) ; (iii) two neopullulanase-like GH13 members -a hypothetical protein from the genome of the green algae Micromonas pusilla (Worden et al., 2009; Jane cek et al., 2011) and an a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) both possessing an SBD of CBM20 family instead of otherwise conserved CBM34; and (iv) the SBD of the family CBM34 have recently been ascribed also to some amylopullulanases from the subfamily GH13_39 (Lombard et al., 2014) .
The goal of the present bioinformatics study was therefore to shed more light on recognizing the unique sequence/ structural features of the enzyme group from the a-amylase family GH13 (Kuriki & Imanaka, 1999; Jane cek et al., 2014) around the so-called neopullulanase subfamily, namely the CAZy subfamily GH13_20. The main emphasis was on biochemically characterized neopullulanases, cyclomaltodextrinases, maltogenic amylases and related enzyme specificities. Since the members of the neopullulanase subfamily usually also contain an SBD, typically that of the family CBM34, the presented in silico analysis delivers a view of evolutionary relatedness among these enzymes by comparison of their catalytic domains, CSRs and all individual CBMs.
METHODS
Sequence collection. Sequences were retrieved from GenBank (Benson et al., 2014) and UniProt (Uniprot Consortium, 2014) databases and collected according to the following strategy (Table 1 ). In the first run, all biochemically characterized enzymes were retrieved that are classified in the CAZy database (March 2016) in the neopullulanase subfamily GH13_20 and the SBD family CBM34 typical for neopullulanases. Since CBM34 is also present in the members of subfamilies GH13_21 (represented by the TVA-I amylase) and GH13_39 (amylopullulanases), characterized representatives from these two subfamilies were also taken into account. Thus, 55 sequences were collected. Then, a protein BLAST search (Altschul et al., 1990) was done, with the query of whether the GH13_20 Bacillus sp. AAH-31 a-amylase (Saburi et al., 2013) that contains the N-terminally positioned SBD of the family CBM20, would yield the seven most closely related sequences with CBM20 at the N-terminus. A remarkable GH13_20-like Micromonas pusilla hypothetical amylase (Jane cek et al., 2011) and its BLAST-based counterpart, with an N-terminal CBM20, were added, representing the only two Eucarya in the set studied (Table 1 ). In the next step, the maltogenic amylase from Staphylothermus marinus (Li et al., 2010a) , whose 3D structure revealed the presence of a CBM48 in addition to CBM34 (Jung et al., 2012) , was considered despite the fact that it remains to be classified within the subfamily GH13_20. Based on its BLAST search, six sequences possessing both CBM34 and CBM48 located N-terminally were collected. Finally, three neopullulanase-like sequences, i.e. a nonspecified 'amylase' AmyB from Dictyoglomus thermophilum (Horinouchi et al., 1988) , a neopullulanase from Bacteroides thetaiotaomicron (D'Elia et al., 1996) and a cyclomaltodextrinase from Flavobacterium sp. no. 92 (Fritzsche et al., 2003) , were added based on a previous bioinformatics study (Majzlov a et al., 2013) . It is worth mentioning that we decided to eliminate the maltogenic amylase from Bacillus licheniformis (Kim et al., 1992) , since it lacks the catalytic nucleophile and possesses a strange sequence within the entire CSR-II.
Sequence analysis and domain boundaries. Sequence alignment of the complete set of 74 collected sequences was performed using the programme CLUSTAL-X (Larkin et al., 2007) . In order to maximize similarities, subtle manual tunings were done; where appropriate, taking into account the well-established knowledge on CSRs of the entire aamylase family (Jane cek, 2002) , previous bioinformatics studies focused on neopullulanases Oslancov a & Jane cek, 2002; Gabrisko & Jane cek, 2009; Majzlov a et al., 2013) , information on tertiary structures (Kim et al., 1999; Kamitori et al., 1999 Kamitori et al., , 2002 Lee et al., 2002; Hondoh et al., 2003; Dumbrepatil et al., 2010; Jung et al., 2012; Park et al., 2013) and results from BLAST searches (Altschul et al., 1990) and the Pfam database (Finn et al., 2014) . The same approach was used for Table 1 . The list of studied representatives of the neopullulanase subfamily GH13_20 and related enzymes from the family GH13 Table lists the studied sequences as follows: (i) members of the subfamily GH13_20 containing the N-terminal CBM34, represented by the 'a-amylase' TVA-II from Thermoactinomyces vulgaris (red; sequence nos. 1-28); (ii) archaeal counterparts possessing, in addition to CBM34, CBM48 at the very N-terminus, represented by cyclomaltodextrinase from Thermococcus sp. B1001 (cyan; sequence nos. 29-41); (iii) bacterial hypothetical enzymes from the subfamily GH13_20 (including two proteins from eukaryotic green algae) having at their N-terminus the CBM20 instead of CBM34, represented by the a-amylase from Bacillus sp. AAH-31 (green; sequence nos. 42-51); (iv) bacterial subfamily GH13_20 members without any CBM, represented by the glycogen debranching enzyme from Nostoc punctiforme (magenta; sequence nos. 52-59); (v) neopullulanase from Bacteroides thetaiotaomicron and cyclomaltodextrinase from Flavobacterium sp. no. 92 -until now both without GH13 subfamily assignment (plum; sequence nos. 60-61); (vi) currently also unclassified 'neopullulanase' (non-specified amylase AmyB) from Dictyoglomus thermophilum (purple; sequence no. 62); (vii) members of the subfamily GH13_21, represented by the 'a-amylase' TVA-I from Thermoactinomyces vulgaris (orange; sequence nos. 63-64); (viii) amylopullulanases from the subfamily GH13_39 having two CBM34 copies at their N-terminus, represented by the amylopullulanase from Alicyclobacillus acidocaldarius (olive; sequence nos. 65-66); and (ix) their counterparts from the same subfamily GH13_39 having, in addition to one copy of the CBM34, also other CBM domains, represented by the amylopullulanase from Geobacillus thermoleovorans (blue; sequence nos. 67-74). The sequences are ordered alphabetically in each of the nice created groups. GenBank and UniProt mean the accession nos. in the respective sequence database. Length represents the number of amino acid residues forming the protein. The borders of the polypeptide chain spanning the region that covers the catalytic TIM-barrel domain (including the domain B) and the C-terminal domain C are marked as 'A+B+C'. CAZy represents the classification of a give sequence within the CAZy database (if available). A. Kuchtov a and Š. Jane cek identifying the domain boundaries and domain arrangement elucidation for selected representatives and individual groups.
No
Evolutionary comparison. The evolutionary trees were calculated in each case as a PHYLIP tree type using neighbour-joining clustering (Saitou & Nei, 1987) and the bootstrapping procedure (Felsenstein, 1985) (the number of bootstrap trials used was 1000) implemented in the CLUSTAL-X package (Larkin et al., 2007) . Three different trees were based on alignment of (including the gaps) the following: (i) sequences of three-family GH13 typical domains A, B and C; (ii) seven-family GH13 characteristic CSRs; and (iii) all SBDs from families CBM34, CBM20 and CBM48 as present in 74 sequences from the studied set. The trees were displayed with the programme iTOL (Letunic & Bork, 2007) .
Structural modelling. Since the members of the neopullulanase subfamily contain typically the SBD from the family CBM34 (Machovic & Jane cek, 2006) , the structures of the CBM20s from the three following proteins were modelled: (i) the hypothetical amylolytic enzyme from Micromonas pusilla (UniProt accession no.: C1MYC2 (Worden et al., 2009; Jane cek et al., 2011) ; (ii) the a-amylase from Bacillus sp. AAH-31 (S6BGD1; Saburi et al., 2013) ; and (iii) the amylopullulanase from Geobacillus thermoleovorans NP33 (I1WWV6; Nisha & Satyanarayana, 2013 . The structure of the 239-residue-long insert (from Gly121 to Val360) located between the CBM20 and catalytic domain of the aamylase from Bacillus sp. AAH-31 (Saburi et al., 2013 ; S6BGD1) was also modelled. All above structures were obtained by homology modelling using the fold recognition Phyre2 server (http://www.sbg.bio.ic.ac. uk/phyre2/; Kelley & Sternberg, 2009) ; the SWISS-MODEL server (http://swissmodel.expasy.org/; Biasini et al., 2014) was also used for the second half of the 239-residue-long Bacillus sp. AAH-31 a-amylase insert. The real tertiary structures were retrieved from the Protein Data Bank (PDB; http://www.rcsb.org/pdb/; Deshpande et al., 2005) and all structural superimpositions were done online using the MultiProt server (http://bioinfo3d.cs.tau.ac.il/MultiProt/; Shatsky et al., 2004) . Structures were displayed with the programme WebLab Viewer Lite (Molecular Simulations).
RESULTS AND DISCUSSION

Domain arrangement
The present in silico study brings a detailed analysis of biochemically characterized members of the so-called neopullulanase subfamily (Oslancov a & Jane cek, 2002), which in the a-amylase family GH13 constitutes the subfamilies GH13_20 and GH13_21 (Stam et al., 2006) . Since the CBM34 SBD, typically present at the N-terminus of these enzymes (Kamitori et al., 1999; Kim et al., 1999; Lee et al., 2002; Hondoh et al., 2003) , was also found in some amylopullulanases from the subfamily GH13_39 (Lombard et al., 2014) , the studied set also covers biochemically characterized enzymes from that subfamily. The details concerning all 74 studied sequences with their relevant characteristics are listed in Table 1 .
The original intention of the present study was to elucidate structure/function and evolutionary relationships within the neopullulanase subfamily GH13_20. It is evident that, in addition to the well-known basic domain arrangement of typical bacterial GH13_20 members (Kamitori et al., 1999; Kim et al., 1999; Lee et al., 2002; Hondoh et al., 2003) , there could be three more groups as follows ( Fig. 1 ): (i) archaeal enzymes (most probably cyclomaltodextrinases and maltogenic amylases) with the CBM48 preceding the CBM34 GH13_20 domains represented by the cyclomaltodextrinase from Thermococcus sp. B1001 (Hashimoto et al., 2001) ; (ii) bacterial enzymes (probably some a-amylases) with CBM20 instead of CBM34 represented by the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) ; and (iii) bacterial enzymes (mostly neopullulanase-like) without any CBMs represented by the Domain evolution in the neopullulanase subfamily glycogen debranching enzyme from Nostoc punctiforme (Dumbrepatil et al., 2010) . With regard to the bacterial group with CBM20 (and lacking the CBM34), it should be pointed out that there is a 200-residue-long segment between the Nterminal CBM20 and the beginning of the GH13 catalytic domain (Fig. 1) . On the other hand, two closely related hypothetical GH13 members (GH13_20-like) from green algae also containing the N-terminally positioned CBM20 (Worden et al., 2009) have the segment joining the CBM20 and start of the GH13 no longer than 50-60 residues. Note that the hypothetical protein from the genome of Bacillus vireti (Mania et al., 2014) with 1946 residues (Table 1) having the CBM20 also possesses the second GH13 copy, reflecting that it is probably a bifunctional amylolytic enzyme.
The family CBM34 has been considered as exclusively characteristic for the GH13_20 subfamily (Machovic & Jane cek, 2006) . It has, however, become evident that not all characterized CBM34 members are simultaneously present only in the subfamily GH13_20, but can also be found in GH13_21 and GH13_39 (Lombard et al., 2014) . Of the two GH13 subfamilies, the former is very closely related to typical GH13_20 neopullulanases (Majzlov a et al., 2013) forming the so-called neopullulanase subfamily (Oslancov a & Janecek, 2002) , whereas the latter are amylopullulanases (Table 1) with long sequences (approximately 1500-2000 residues) and having additional CBMs from families CBM20 and CBM48 (Fig. 1) .
Finally, concerning the two representatives for which neither subfamily 20 nor 21 was assigned (marked as 'GH13_??' in Fig. 1 ), the following remarks are given. The neopullulanaselike non-specified 'amylase' AmyB from Dictyoglomus thermophilum was published only as an 'amylase' without deeper biochemical characterization (Horinouchi et al., 1988) , but it contains the clear and specific signature of the neopullulanase subfamily -the sequence 276_MPKIN as its CSR-V (Oslancov a & Jane cek, 2002; Majzlov a et al., 2013). Nevertheless, the BLAST search did not indicate any conserved domain for the segment of its sequence preceding the GH13 catalytic TIM-barrel. Regarding the cyclomaltodextrinase from Flavobacterium sp. no. 92 (Fritzsche et al., 2003) , despite its biochemical characterization it possesses the signature 296_MPDLN as the CSR-V typically seen in the intermediary group of a-amylases classified in the subfamily GH13_36 (Majzlov a et al., 2013) . Moreover, in spite of the evident presence of the N-terminal domain and its structural similarity to CBM34 (Fritzsche et al., 2003) , it has not been classified in the family CBM34 (Lombard et al., 2014) and the BLAST search identified it as a conserved domain different from the CBM34 (results not shown). All these features can be ascribed to the neopullulanase from Bacteroides thetaiotaomicron (D'Elia et al., 1996) ( Table 1) .
Sequence comparison
All studied sequences were divided into nine groups (Fig. 1 , Fig. 1 . Domain arrangement of selected enzymes representing nine groups. Although all sequences belong to the a-amylase family GH13 (yellow boxes), their exact enzyme specificity may be different and is indicated by the GH13 subfamily assignment. The presence and position of individual CBMs, i.e. CBM34 (green), CBM20 (blue) and CBM48 (cyan), are typical of the selected sequences that may represent some closely related groups.
containing CBM20 instead of CBM34, two groups (bacteria and eukaryotes) have emerged. Similarly, the representatives with CBM39 have also been divided into two groups.
CSRs represent the best-conserved parts of enzymes from the a-amylase family GH13 (Jane cek, 2002) and, indeed, typical sequence features of the so-called neopullulanase GH13 subfamily have been recognized within them (Fig. 2) . In particular, the MpKln sequence in CSR-V as the sequence fingerprint of neopullulanases (Oslancov a & Janecek, 2002) was identified in sequences of typical subfamily GH13_20 members. These are from bacteria represented by the 'a-amylase' TVA-II (Kamitori et al., 1999 ) containing CBM34 at their N-terminus, as well as from their archaeal homologues represented by cyclomaltodextrinase from Thermococcus sp. B1001 (Hashimoto et al., 2001) , possessing at their N-terminus a CBM48 that directly precedes the characteristic CBM34 (Fig. 1) . Interestingly, in the group represented by the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) , the members of which have the N-terminal CBM20 instead of CBM34 (Fig. 1) , methionine from the beginning of CSR-V was replaced by leucine. In addition, lysine from the middle of the region was substituted by arginine, i.e. conservatively, only in two hypothetical amylases from green algae (Fig. 2) . The former substitution of methionine by leucine was also observed in the group lacking any CBM at the N-terminus, e.g. glycogen debranching enzyme from Nostoc punctiforme (Dumbrepatil et al., 2010) , also classified in the subfamily GH13_20. With regard to the remaining groups/subfamilies, CSR-V was found to be less conserved, but it was clear that the proline succeeding the above-mentioned methionine is conserved almost invariantly (Fig. 1) . The second most important sequence feature of the neopullulanase subfamily is probably the terminal segment VANE of CSR-II (Oslancov a & Jane cek, 2002), positioned just after the catalytic nucleophile (Fig. 2) . Obviously, not every GH13_20 member contains that specific sequence (Majzlov a et al., 2013). The entire CSR-II was highly variable among the group of bacterial amylolytic enzymes with the N-terminal CBM20, whereas it was best conserved among sequences from the subfamily GH13_39 containing other domains in addition to CBM34 (Fig. 1) , and clearly in the typical bacterial neopullulanases from the subfamily GH13_20 with only CBM34 (Fig. 2) .
The catalytic triad and the functionally important arginine, positioned two residues in front of the catalytic nucleophile in CSR-II (Jane cek, 2002), are fully conserved except for the cyclomaltodextrinase from Paenibacillus sp. A11, in which the catalytic proton donor position is occupied by aspartic acid instead of glutamate (Fig. 2) . Although this was not mentioned in the study of Kaulpiboon et al. (2004) , the enzyme was active toward starch (Kaulpiboon & Pongsawasdi, 2005 ).
Other sequence features previously recognized as characteristic for the neopullulanase subfamily (Oslancov a & Jane cek, 2002; Majzlov a et al., 2013) are tyrosine in CSR-VI (strand b2), tryptophan in CSR-III (strand b5) and tyrosine directly preceding the motif GD at the end of CSR-VII (strand b8). All three residues are more or less conserved in the enzymes studied (Fig. 2) . It was confirmed that, for example, tryptophan from CSR-III is essential for catalytic reaction and substrate binding, respectively, of the 'a-amylase' TVA-II from Thermoactinomyces vulgaris (Ohtaki et al., 2006) and the multifunctional amylase from Bacillus sp. ZW2531 (Cao et al., 2014) . Interestingly, tryptophan is important for many members of subfamilies neopullulanase and oligo-1,6-glucosidase (Majzlov a et al., 2013) , including a-glucosidases and dextran glucosidases (Okuyama et al., 2016) . The obvious lack of aromatic character at the position corresponding to tryptophan among the archaeal GH13_20 members, represented by cyclomaltodextrinase from Thermococcus sp. B1001 (Hashimoto et al., 2001) , is of a special interest (Fig. 2) . et al., 1996) and cyclomaltodextrinase from Flavobacterium sp. no. 92 (Fritzsche et al., 2003) exhibit sequence features typical for the subfamily GH13_36 (e.g. the stretch MpDln in the CSR-V), which involves intermediary a-amylases with a broad specificity, including activity in regard to degrading cyclodextrins and transglycosylation (Majzlov a et al., 2013) . Currently, the two sequences mentioned above have not been assigned to any GH13 subfamily (Lombard et al., 2014) . The other interesting 'amylase' AmyB from Dictyoglomus thermophilum (Horinouchi et al., 1988) could indeed be a neopullulanase, since it possesses a typical MPKIN sequence in CSR-V (Fig. 2) and a longer N-terminus creating an eventual space for CBM34, despite the fact that no CBM34 has been identified at its N-terminal end (Fig. 1) .
The neopullulanse from Bacteroides thetaiotaomicron (D'Elia
The subfamily GH13_20 also contains sequences lacking the N-terminal CBM34 (Table 1) , represented by the glycogen debranching enzyme from Nostoc punctiforme (Dumbrepatil et al., 2010) (Fig. 1) , all with slightly modified CSR-V. This study also covers representatives of the subfamily GH13_21, i.e. maltodextrin glucosidase from Escherichia coli (Tapio et al., 1991) and 'a-amylase' TVA-I from Thermoactinomyces vulgaris (Tonozuka et al., 1993) In the group of archaeal enzymes represented by cyclomaltodextrinase from Thermococcus sp. B1001 (Hashimoto et al., 2001) , there is a glycine at the end of CSR-II for which the role has been revealed in the cyclodextrin-hydrolyzing enzyme from Pyrococcus furiosus (Park et al., 2013) . The mutant having glutamic acid instead of glycine at the end of CSR-II (Fig. 2) produced a substantially higher amount of a pure maltopentaose in comparison with the WT (Park et al., 2013) . This glycine is invariantly conserved in the group of bacterial members (e.g. the a-amylase from Bacillus sp. AAH-31; Saburi et al., 2013) having CBM20 instead of CBM34 at their N-termini (Fig. 1) . The lysine preceding the glycine at the end of CSR-II represents a unique position in that bacterial group, and its mutation to methionine (in synergy with other mutations outside the CSRs) increased the activity of Bacillus sp. AAH-31 a-amylase by 340 % (Tamamura et al., 2014) .
Many other specific differences can further be identified by a detailed inspection of the alignment of all 74 studied proteins, which spans complete sequences of their catalytic TIM-barrel domain A, with inserted domain B and domain C succeeding Fig. 2 . Seven CSRs of all 74 studied sequences. The regions cover strands b2, b3, b4, b5, b7 and b8 and loop 3 (near the C-terminus of domain B). Colour coding for the selected residues: W -yellow; F, Y -blue; V, L, I -green; D, E -red; R, Kcyan; H -brown; C -magenta; G, P -black. The catalytic triad and the remaining invariant residues are denoted by asterisks and hashtags, respectively, under the alignment. The individual groups distinguished from each other by different colours are explained in Table 1 and correspond to the representatives shown in Fig. 1 . Labeling of the protein source consists of the UniProt accession number and the name of the organism. The alignment of all 74 enzymes spanning the sequence segment of a typical family GH13 domain arrangement, i.e. catalytic TIM-barrel with domain B and C, is shown in Fig. S1 . the TIM-barrel (Fig. S1) . Thus, for example, the region from Ser25 to Leu55 in the GH13_20 glycogen debranching enzyme from Nostoc punctiforme was found to form a loop with a unique conformation enabling the enzyme to bind longer malto-oligosaccharides (Dumbrepatil et al., 2010) . In this alignment, the loop region has been divided due to a group of amylopullulanases from subfamily GH13_39 (with two N-terminal CBM34) possessing a longer sequence in the corresponding region (Fig. S1 ). On the other hand, the lack of a loop in the pullulanase from Thermus thermophilus (UniProt accession no.: Q72ID4; Wu et al., 2014) -from the same group with no CBM at the N-terminus as the Nostoc punctiforme glycogen debranching enzyme -is of interest, but the pullulanase sequence is shorter and starts, in fact, with strand b2 of the catalytic TIM-barrel (the CSR-VI; Fig. S1 ). It is also clear that most inserts in the alignment were introduced by the two GH13_20 members that do not possess any N-terminal CBM, i.e. cyclomaltodextrinase from an uncultured soil bacterium (Q3HW59; Tang et al., 2006) and neopullulanase from an uncultured micro-organism (A7LI67; Tang et al., 2008) . With regard to the inserts, there are no further similar amylolytic enzymes in family GH13 and the roles of the inserts are not yet understood (Tang et al., 2006 (Tang et al., , 2008 .
Evolutionary relationships
In order to describe the evolutionary relationships in the neopullulanase subfamily and its closely related specificities from the entire a-amylase family GH13, three evolutionary trees were calculated: (i) the 'A+B+C-tree' -a tree based on the alignment of the three domains A, B and C (Fig. 3); (ii) the 'CSR-tree' -a tree based on the alignment of all seven CSRs (Fig. S2) ; and (iii) the 'CBM-tree' -a tree based on the alignment of all selected CBMs (Fig. 4) . While the former two trees, as based on the alignments shown in Figs  S1 and 2, respectively, show the relationships between all individual 74 enzymes studied (Table 1) , the CBM-based tree covers all 91 variations identified as CBM34 (dominant occurrence) CBM20, CBM48 and even CBM?? (until now without family assignment). Thus, in the CBM-based tree (Fig. 4) , the group around the Nostoc punctiforme glycogen debranching enzyme has no representative, whereas some sequences from other groups with more than one CBM (Fig. 1) are present several times.
Within the 'A+B+C-tree', the sequences were clustered according to subfamilies of the a-amylase family GH13 (Stam et al., 2006) , with the taxonomy being respected, too. It is evident that half of the tree (Fig. 3) is occupied by the two groups of bacterial members of the neopullulanase subfamily GH13_20 (neopullulanases, cyclomaltodextrinases and maltogenic amylases) classified in the CAZy database that either contain the N-terminal CBM34 or do not contain any CBM (Fig. 1) . Although the tree was calculated without taking the CBM sequences into account, the presence or absence of a CBM (the CBM34 in this case) has been reflected in clustering of the two groups (Fig. 3) . The two special sequences possessing several unique inserts but with any CBMs, the cyclomaltodextrinase from an uncultured soil bacterium (UniProt accession no.: Q3HW59; Tang et al., 2006) and the neopullulanase from an uncultured micro-organism (A7LI67; Tang et al., 2008) , were found closer to those with CBM34 at their N-terminus. The representatives of the subfamily GH13_39 (bacterial amylopullulanases) were grouped together in one larg cluster, however, divided into two adjacent branches in agreement with the two groups they formed (cf. Fig. 1, Table S1 ). Positioning of the two subfamily GH13_21 bacterial representatives (the 'a-amylase' TVA-I from Thermoactinomyces vulgaris and maltodextrin glucosidase from Escherichia coli) at the branch neighbouring the GH13_39 cluster is of interest, because the members of the GH13_21 subfamily have been recognized as belonging to the originally proposed neopullulanase subfamily (Oslancov a & Jane cek, 2002; Majzlov a et al., 2013) . The entire group of subfamily GH13_20 members from Archaea (having both CBM48 and CBM34 in that order at their N-terminus (Jung et al., 2012; Park et al., 2013; Ali & Shafiq, 2015) (Fig. 1) was divided according to taxonomy, reflecting mostly the phyla Euryarchaeota and Crenarchaeota, with the two eukaryotic sequences from the group with the N-terminal CBM20 instead of characteristic CBM34 remarkably joining the cluster of Euryarchaeota (Fig. 3) . The remaining representatives with the N-terminal CBM20 (instead of CBM34) originating from Bacteria were placed on a common branch evolutionarily distant from typical representatives of the neopullulanase subfamily, even though some have already been classified in the GH13_20 subfamily (Lombard et al., 2014) . Next to them was found the non-specified 'amylase' AmyB from Dictyoglomus thermophilum (Horinouchi et al., 1988) that -as a neopullulanase-like sequence -was previously suggested to be added to the neopullulanase subfamily (Oslancov a & Jane cek, 2002; Majzlov a et al., 2013) . Overall, a close relatedness is seen between the subfamily GH13_20 members from Bacteria with the N-terminal CBM20 and those from Archaea having at their N-terminus both CBM48 and CBM34 (Fig. 3) .
The 'CSR-tree' also reflects both the taxonomy and GH13 subfamily assignment (Stam et al., 2006) . The groups of archaeal enzymes with both CBM48 and CBM34 and their bacterial counterparts with CBM20 were apparently clustered similarly to that seen in the 'A+B+C-tree' (cf. Figs 3 and S2) . The most striking difference was observed for the group of GH13_20 subfamily members without any CBM, which was clustered together with subfamilies GH13_21 and GH13_39 (Fig. S2) , demonstrating that the group without any CBM possesses CSRs with amendments with regard to CSRs typical for members of the neopullulanase GH13_20 subfamily with the N-terminal CBM34 (Fig. 2) . The members of the subfamily GH13_21 shared the branch with the GH13_39 representatives (Fig. S2 ), but only with the amylopullulanases from Acidobacillus acidocaldarius (Koivula et al., 1993) and Acidobacillus sp. A4 (Bai et al., 2012) that contain two copies of CBM34 preceding their catalytic TIM-barrel (Fig. 1) .
The CBM-based evolutionary tree (Fig. 4) included no surprises, being divided with respect to CBM classification into the families CBM34, CBM20 and CBM48; both taxonomy and GH13 subfamily assignment were also manifested. All sequences of typical CBM34s from the subfamily GH13_20 members containing the CBM34 at their N-terminus, form Fig. 3 . Evolutionary tree of all 74 sequences studied. The tree is based on the alignment of the sequences of catalytic TIMbarrel, including domains B and C, as presented in Fig. S1 . The individual groups distinguished from each other by colour coding are explained in Table 1 and correspond to those shown in Fig. 1 . The labeling of the protein source includes the UniProt accession number and the name of the organism. one large cluster (Fig. 4) divided with respect to the taxonomic origin of their representatives. Interestingly, CBM34 from the GH13_21 'a-amylase' TVA-I (Tonozuka et al., 1993) shared a branch with the first CBM34 copies of the two GH13_39 amylopullulanases from Acidobacillus acidocaldarius (Koivula et al., 1993) and Acidobacillus sp. A4 (Bai et al., 2012 ) -in analogy with both the 'A+B+C'-tree and 'CSR'-tree (Figs 3 and S2, respectively) -but it was not clustered with its GH13_21 counterpart, the maltodextrin glucosidase from Escherichia coli (Tapio et al., 1991) . It is thus possible to state that the two GH13_21 representatives (Table 1) possess sequentially unrelated CBM34. The second copies of CBM34 from the two GH13_39 amylopullulanases -directly preceding the catalytic TIM-barrel (Fig. 1) (91) is higher than 74 because some groups possess either more copies of the same CBM or more different CBMs (cf. Fig. 1 ). Different colours in the peripheral circle represent different CBMs as follows: CBM34 -green, CBM20 -blue, CBM48 -cyan and CBM?? -magenta. Colour coding of individual groups is explained in Table 1 , and corresponds to that shown in Fig. 1 . The labeling of the protein source includes the UniProt accession number and the name of the organism.
-were found to be evolutionarily more closely related to CBM34s from the remaining representatives of the subfamily GH13_39 (Fig. 4) . With regard to archaeal GH13_20 members (Table 1) , their CBM48s shared a common branch whereas their respective CBM34s were divided into two clusters, indicating more sequential changes within the CBM34 in comparison with CBM48. Two CBM48 sequences of GH13_39 amylopullulanases from Bacillus sp. XAL601 (Lee et al., 1994) and Geobacillus stearothermophilus (Chen et al., 2001) were recognized as evolutionarily closer to sequences of CBM20s -present also in the group of GH13_20 members represented by the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013 ) -than to those of CBM48s (Fig. 4) . This may not be too surprising since both CBM20 and CBM48 families have been revealed to be closely related, very likely sharing a common ancestor (Jane cek et al., 2011) . The position of the N-terminal segments from the two interesting sequences of the neopullulanase from Bacteroides thetaiotaomicron (D'Elia et al., 1996) and cyclomaltodextrinase from Flavobacterium sp. no. 92 (Fritzsche et al., 2003) being closer to the CBM48 and CBM20 part of the evolutionary tree is, however, remarkable; if the N-terminus of the latter enzyme was expected have a CBM34-like sequence (Fritzsche et al., 2003) . The fact that the putative CBMs of both above enzymes occupy a common branch with the N-terminal segment of the 'amylase' AmyB from Dictyoglomus thermophilum (Horinouchi et al., 1988) , for which no CBM family has been assigned in the CAZy to date (Lombard et al., 2014) , could accelerate the efforts to characterize involvement of the Nterminal domain in binding carbohydrates. Such an indication could then form a platform for creating a novel CAZy CBM family in the future (Majzlov a et al., 2013) .
Structure comparison
For tertiary structure comparison, attention was focused on the presence and analysis of eventual CBM20 domains (Fig. 1) in members of the GH13 neopullulanase subfamily and related specificities studied here (Table 1 ). The members of the neopullulanase subfamily (Oslancov a & Jane cek, 2002) typically contain the N-terminal CBM34 (Kim et al., 1999; Park et al., 2000; MacGregor et al., 2001; Lee et al., 2002; Hondoh et al., 2003; Machovic & Jane cek, 2006; Ali & Shafiq, 2015) that can be preceded by a CBM48 in archaeal counterparts (Jung et al., 2012; Park et al., 2013; Ali & Shafiq, 2015) .
The supposed CBMs from three proteins were selected for homology modelling: (i) the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) ; (ii) its eukaryotic hypothetical counterpart Micromonas pusilla (Jane cek et al., 2011); and (iii) the amylopullulanase from Geobacillus thermoleovorans NP33 (Nisha & Satyanarayana, 2013 . The structures of the N-terminal CBM20 from both former a-amylases have been modelled according to templates of typical CBM20s, mostly of cyclodextrin glucanotransferases, positioned at the C-terminal end of a protein (Kubota et al., 1991; Harata et al., 1996; Kelly et al., 2008) . The best templates for the C-terminal CBM20 from the amylopullulanase were, remarkably, CBM48s from the plant glucan phosphatase SEX4 (Vander Kooi et al., 2010) and the bsubunit of the yeast AMP-activated protein kinase (Amodeo et al., 2007) , despite the fact that the CAZy classification (Lombard et al., 2014) , available literature (Nisha & Satyanarayana, 2013 and even the results of the BLAST search (data not shown) indicate that the domain belongs to the family CBM20. This result may again be in agreement with the previously recognized common ancestry of both CBM20 and CBM48 (Jane cek et al., 2011).
The sequence of the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) has attracted the most attention since, in addition to the unambiguous presence of the CBM20 at its N-terminal (Fig. 1) , there still seems to be sufficient space in its sequence for the presence of more potential CBM domains. The results of this structural analysis, based on sophisticated homology modelling, are depicted in Fig. 5 . To summarize, this a-amylase may consist of three different CBMs, i.e. CBM20, CBM48 and CBM34 in that order, preceding the catalytic TIM-barrel of the neopullulanase subfamily GH13_20 (Fig. 5a) .
The presence of CBM20 should not be in doubt, because the superposition of its model with the template of the real structure of the C-terminal CBM20 from cyclodextrin glucanotransferase from Geobacillus stearothermophilus (Kubota et al., 1991) unambiguously identified both starchbinding sites with conserved corresponding amino acid residues (Fig. 5b) .
The model of the insert between CBM20 and the catalytic TIM-barrel was convincingly constructed according to templates of the two consecutive N-terminal domains of both the maltogenic amylase from Staphylothermus marinus (Jung et al., 2012) and the cyclodextrin-hydrolyzing enzyme from Pyrococcus furiosus (Park et al., 2013) . Although both these archaeal enzymes belong to the same group within the neopullulanase subfamily (cf. Table 1, Fig. 3 ), the two consecutive domains at their N-termini were assigned to families CBM48 and CBM34, but only regarding the latter enzyme from Pyrococcus furiosus (Lombard et al., 2014) . It thus nevertheless made sense to anticipate the presence of both CBM48 and CBM34 in a-amylase from Bacillus sp. AAH-31 positioned in that order between the N-terminal CBM20 and the catalytic TIM-barrel (Fig. 5a ).
The actual presence of CBM48 succeeding CBM20 is supported also by the best template from Phyre2 modelling of the N-terminal part of the entire insert (data not shown), which was the CBM48 of the glucan phosphatase SEX4 from Arabidopsis thaliana (PDB code: 3NME (Vander Kooi et al., 2010) . Based on the superposition of the model of the supposed CBM48 with its template CBM48 from the cyclodextrin-hydrolyzing enzyme from Pyrococcus furiosus (Park et al., 2013) , it was possible to identify the starch-binding site, especially two corresponding aromatic positions (Fig. 5c) . However, the potential starch-binding site lacks the otherwise conserved lysine -characterized, e.g. in the CBM48 of the b-subunit from the rat AMP-activated protein kinase (Polekhina et al., 2005) -which is in the real and modelled structures substituted by alanine (Ala67) and leucine (Leu180), respectively (Fig. 5c) . This may indicate a limited ability of the identified CBM48 to bind saccharides.
With regard to the second part of the Bacillus sp. AAH-31 aamylase insert, the supposed CBM34, the relevant sequence was additionally modelled using the SWISS-MODEL server according to the template of the experimentally proven CBM34 of the 'a-amylase' TVA-I from Thermoactinomyces vulgaris (PDB code: 1UH3 (Abe et al., 2004) . This was undertaken because the residues potentially responsible for binding saccharides in CBM34 from the Pyrococcus furiosus cyclodextrin-hydrolyzing enzyme were not readily identifiable. In any case, of the four identified aromatic positions forming two carbohydrate-binding sites in the TVA-I 'a-amylase' (Abe et al., 2004 (Abe et al., , 2005 , only one, Tyr345, was found to correspond in both position and aromatic character to the CBM34 model (Fig. 5d ). Despite this, the results strongly indicate the likely presence of CBM34 positioned directly preceding the catalytic TIM-barrel domain, i.e. the domain arrangement characteristic for the neopullulanase subfamily (Oslancov a & Jane cek, 2002) .
This revealed that -although still only potential -domain arrangement of the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) evokes a very intriguing question concerning the eventual evolutionary direction of enzymes from the neopullulanase subfamily. Obviously, there are four groups in the subfamily GH13_20 discriminated from each other by the CBMs preceding the catalytic domain (cf. Bacillus sp. AAH-31 a-amylase CBM20 (red, modelled structure; residues Glu31-Ile103) with Geobacillus stearothermophilus cyclodextrin glucanotransferase CBM20 (blue, real structure; PDB code: 1CYG; (Kubota et al., 1991) ; residues Gln595-Ile675). The superimposed part covers 69 C a atoms with a 0.88 Å root-mean square deviation. (c) Superimposed Bacillus sp. AAH-31 a-amylase CBM48 (red, modelled structure; residues Gly121-Pro218) with Pyrococcus furiosus cyclodextrin-hydrolyzing enzyme CBM48 (cyan, real structure; PDB code: 4AEF (Park et al., 2013) ; residues Gly14-Lys104). The superimposed part covers 90 C a atoms with a 0.77 Å root-mean square deviation. (d) Superimposed Bacillus sp. AAH-31 a-amylase CBM34 (red, modelled structure; residues Phe227-Ser352) with Thermoactinomyces vulgaris 'a-amylase' TVA-I CBM34 (green, real structure; PDB code: 1UH3 (Abe et al., 2004) ; residues Phe20-Thr126). The superimposed part covers 99 C a atoms with a 0.98 Å root-mean square deviation. The corresponding residues actually and potentially involved in carbohydrate binding in real CBM structures, and their corresponding residues in the three CBM models from Bacillus sp. AAH-31 a-amylase, are also shown and labelled. Domain evolution in the neopullulanase subfamily 'CBM34+GH13_20' group represented by typical bacterial neopullulanases, maltogenic amylases and cyclomaltodextrinases (Kamitori et al., 1999 Kim et al., 1999; Lee et al., 2002; Tonozuka et al., 2002; Hondoh et al., 2003) ; (iii) the 'CBM48+CBM34+GH13_20' group -their archaeal counterparts (Jung et al., 2012; Park et al., 2013) ; and (iv) the group of 'CBM20+CBM48+CBM34+GH13_20' represented by the a-amylase from Bacillus sp. AAH-31 (Saburi et al., 2013) and all its bacterial counterparts shown in Fig. 3 (see also Table 1 ). Both eukaryotic hypothetical GH13 enzymes from Micromonas pusilla (UniProt accession no.: C1MYC2; 565 residues; fragment) and Micromonas sp. RCC299 (C1EEZ4; 1013 residues) should have only CBM20 preceding their catalytic TIM-barrel. Based on homology modelling at the Phyre2 server, the latter protein does not seem to contain any additional established CBM positioned either N-or C-terminally; it may only have a b-strand domain at its C-terminus similar to domain D of cyclodextrin glucanotransferases from the subfamily GH13_2 (Lawson et al., 1994; Kelly et al., 2008) . Since bacterial representatives possess either CBM34 only or all three CBM20+CBM48+CBM34 (or are even without any CBMs), and their archaeal counterparts have two CBMs (CBM48 +CBM34), it is not easy to speculate on the direction of their evolution. However, regardless of the direction that might have been taken, gaining more different CBMs should mean an evolutionary advantage in comparison with their lack and/or loss, especially concerning the enhanced and wider ability for recognition of various a-glucan substrates.
CONCLUSIONS
The main a-amylase family GH13 (Jane cek et al., 2014), with more than 37 000 sequenced members covering~30 different enzyme specificities divided into 41 subfamilies (Lombard et al., 2014) , belongs to one of most interesting CAZy GH families (Jane cek & Gabriško, 2016) . It is thus not surprising that -due to a huge increase in sequence data especially from genome sequencing projects -some sequence/structural features and/or even a whole domain (e.g. a CBM) originally ascribed to a smaller, evolutionarily well-separated group of enzymes have later been found in the other, previously unrelated, group via identification of the so-called intermediary proteins. This is also the case for the originally proposed so-called neopullulanase and oligo-1,6-glucosidase subfamilies (Oslancov a & Jane cek, 2002) with intermediary a-amylases currently grouped in the CAZy subfamily GH13_36 (Majzlov a et al., 2013) . Based on the present bioinformatics study, it is obvious that the original neopullulanase subfamily, currently including at least the CAZy subfamilies GH13_20 and GH13_21, is from the evolutionary point of view closely connected with other enzyme specificities (e.g. some a-amylases, glycogen debranching enzymes and amylopullulanases), especially when the SBD of the family CBM34 is taken into account. With regard to amylopullulanases, these belong to pullulanases type II, whereas neopullulanases rank among pullulan hydrolase type I enzymes (Nisha & Satyanarayana, 2016) . Very recently, the pullulan hydrolase type III enzymes have been added to the subfamily GH13_20 (Lombard et al., 2014) . These seem to be rather rare in their occurrence, being limited to the genus Thermococcus (Niehaus et al., 2000; Ahmad et al., 2014) . According to the modelling results from the Phyre2 server, their basic domain arrangement should reflect that seen in the typical archaeal members of the neopullulanase subfamily GH13_20, or eventually that present in pullulanases from the subfamily GH13_14 having the CBM48 preceding the catalytic TIMbarrel (Turkenburg et al., 2009) . Interestingly, some distinct groups may contain an additional SBD (e.g. archaeal counterparts with CBM48) or may lack any SBD (e.g. a group represented by the glycogen debranching enzyme from Nostoc punctiforme). In this regard, demonstration of three consecutive SBDs, i.e. CBM20, CBM48 and CBM34 in that order, at the N-terminus of the a-amylase from Bacillus sp. AAH-31, makes this enzyme really unique and the evolution of the a-amylase family GH13 even more attractive, and calls for further in silico studies.
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